Al•sTRACT.--Intensity patterns of electromyographic (EMG) signals from selected muscles of the wing were studied during different modes of flight in trained Rock doves (Columba livia). Shoulder muscles exhibited a stereotypic pattern producing maximal EMG intensity during the deceleration phases of the upstroke and the downstroke, whereas the muscles of the brachium and antebrachium acted primarily as joint stabilizers during level flapping flight. During nonsteady flight (e.g. takeoff, landing, vertical ascending flight), the distal forelimb muscles exhibited maximal EMG intensity; their primary function appears to be associated with changing the camber and planform of the wing during rapid oscillation. During steady flight, an automatic linkage system consisting of forelimb skeletal elements and ligamentous attachments is thought to permit proper excursion of the wing as a result of forces generated solely by proximal muscles of the wing. To test this hypothesis, the medianoulnaris and radialis nerves were cut in five animals, thus eliminating the contribution of the forearm muscles, and flight tests were performed. Even though forearm muscles were incapable of contracting, the birds were capable of sustained level flapping flight. They were unable to take off independently or perform controlled landings. DESPITE THE large number of bird species, the wide range of wing shapes (Savile 1957), and variation in flight styles or wing-beat gaits (Raynet 1988), natural selection has acted to retain the basic musculoskeletal design of the avian forelimb. Few data exist on the functional relationship between a species' flying capabilities and its forelimb musculoskeletal architecture.
Previous studies of the musculoskeletal system document structural variation, but few studies (see Brown 1948 , Fisher 1946 , Sy 1936 address the functional aspects of forelimb components.
Compared with terrestrial locomotion, flying is metabolically efficient per unit distance travelled, but energetically expensive per unit time (Tucker 1968 , Schmidt-Nielsen 1984 ; this is due to the muscular demands associated with generating lift using a rapidly oscillating appendage. Consequently, the musculoskeletal apparatus of the avian forelimb should be subject to considerable selective pressures. One way to minimize the moment of inertia of a rapidly moving appendage is to distribute the mass closer to the pivot (Hildebrand 1988). This phenomenon is evident among birds as the bulk of the wing's mass is positioned proximally. In many cases, the distal one-half of the wing consists almost entirely of feathers.
If natural selection acts to reduce energetically costly distal mass, then why are brachial and antebrachial muscles within the avian wing retained? Are these muscles necessary to extend and flex the wing during each and every wingbeat and/or do they make subtle changes to the shape of the wing during different modes of flight? In some avian species the forearm musculature is proportionally reduced (e.g. albatrosses) and in others it is relatively robust (e.g. pigeons, gallinaceous birds, and hummingbirds). In order to understand the contribution of forelimb muscles to wing kinematics, it would be helpful to determine when they are active during normal locomotion. Bock (1974) and Raikow (1985) noted the paucity of studies in avian functional anatomy that incorporate the latest techniques to measure neuromuscular physiology and musculoskeletal biomechanics. Over the past several decades electromyography, coupled with high-speed photography, has proven to be an important tool for assessing in vivo muscle function (e.g. Gorniak and Gans 1980 , Jenkins and Goslow 1983 , Shaffer and Lauder 1985 , Dial et al. 1987 , 1988 , 1991 , Dial 1992 . In this study, I focus on changes in the intensity of electromyographic signals (EMGs) during phases within the wingbeat cycle and among modes of flight from selected wing muscles in trained Rock Doves (Columba livia). Then, by eliminating the neural control (i.e. denervation) of certain muscle 874 groups, I examine whether forelimb muscles are required for sustained flapping flight. Birds were trained to fly down a hallway (50 m long x 3.1 m wide x 2.7 m high) and to land on a platform (1.3 m high). Takeoff was analyzed as the first five wing beats following an unassisted liftoff from the ground. Level flight was measured from five random wing beats during a 30-m flight, where the animal flew level along the flyway. Landing was analyzed from the final five wing beats as the animal approached the landing platform. Vertical ascending flight was recorded as the bird flew to a perch positioned 2.5 m directly above the bird. To simulate experimental recording conditions, each bird was conditioned to fly carrying one end of a recording cable (enclosing 12 insulated and electrically shielded recording wires approximately 25 m long) secured to the animal's back and directed along the flank of the bird, permitting normal movement of the wings and tail.
MATERIALS AND METHODS

Animals
Cinematography.--Each EMG recording sequence was filmed using a 16-ram, high-speed movie camera (Lo-Cam, Red Lakes Laboratory) at 200 to 400 frames s •. An electrical pulse synchronized with each frame of film (Kodak 7250 Ektachrome) was used to reference wing position during flights of denervated and nondenervated birds. Lighting for the high-speed camera required 12 1,000-watt quartz lights (Tota-Light, T1-10, Lowel Company) positioned along the flyway. Films were analyzed using an L-W (model 224-S) film projector, and kinematic measurements were made using a ruler and protractor set against a projection screen. Flight velocity, body angle, and flight trajectory were determined from films taken in lateral view. sutured to the intervertebral ligaments between the scapulae. Electrodes were threaded subcutaneously from the back plug to the site of implantation by guiding them through a temporarily inserted polyethylene canula. Each electrode pair was implanted into a muscle using a 25-gauge hypodermic needle. To prevent electrodes from slipping out of the muscle, each electrode pair was sutured to surrounding fascia or, if necessary, to the muscle tissue at the electrode exit point. Following surgery the bird was fitted with a protective, cone-shaped collar and placed in a recovery cage supplied with food, water, and a heated pad. All electromyographic recordings were made the day following surgery.
Measurements of wing excursion and observations of deviations in wing movement between normal and denervated wings were made from films taken in an-
Simultaneous signals from up to six muscles were amplified (gain = 500 x to 2,000 x using Grass P511J preamplifiers; filter settings = 100 high pass and 300 low pass) and recorded on a Keithley DAS analog-todigital 12-bit computer (sampling rates = 2,040-3,000 
RESULTS
Muscle intensity.--The EMG intensity profiles from the three major shoulder muscles reveal that the neuromuscular input during the deceleration phases (end of both upstroke and downstroke) of each wing-beat cycle are periods of peak muscle activity (Fig. 2) . In other words, during level flapping flight, the major downstroke muscle (pectoralis thoracicus) normally exhibited its greatest EMG intensity during the final one-third of the upstroke phase. The primary upstroke muscle (supracoracoideus) always exhibited its greatest activity at the end of the downstroke phase (Fig. 2) Moving distally along the wing, the humerotriceps was active during the final two-thirds of the upstroke and continued into the first onethird of the downstroke (Fig. 3) . The biceps brachii was active during the upstroke-downstroke transition. Both muscles exhibited relatively uniform intensity when active during level flapping flight. The scapulotriceps was active throughout the upstroke-downstroke transition (wing turnaround) and exhibited its greatest activity during the final one-third of the downstroke. During level flapping flight, the scapulotriceps and the biceps brachii were consistently coactive (Fig. 3) Figure 6A . Subsequent to the denervation of the medianoulnaris, the animal was unable to activate its wrist flexors or pronators (Fig. 6B) . This is evident by the flat-line signal for the EMG electrode residing in the flexor carpi ul~ naris. The animal struggled to take off, but was able to sustain level flapping flight. In this condition, the bird struggled to alight on the 0.3-m 2 landing platform. When both the me- Fig. 7) . The degree of stoutness of the ulna and radius, and the amount of lateral bowing of these two bones provide an indicator of the relative muscle mass attached to these structures. Inspection of these elements alone may be sufficient to interpret something meaningful [Auk, Vol. 109 The flight capability of Archaeopteryx has been, and continues to be, hotly debated (e.g. Hecht et al. 1984). Therefore, it is of considerable interest that the forearm elements of Archaeopteryx do not suggest that these animals possessed a sophisticated linkage system (Fig. 8) . Their ulnae and radii did not bow to any appreciable degree, indicating that they probably did not routinely perform nonsteady flight nor prolonged level flapping flight. However, Archaeopteryx may have been a capable glider. Further work on the skeletal reconstruction of the forelimb will be necessary in order to advance our understanding of the flight behavior of Archaeopteryx. In addition, continued work in the area of experimental functional morphology using extant species will provide novel information for a better understanding of the evolution of avian flight.
Denervation experiments.--An example of the EMG activity from a pre-denervated pigeon during level flapping flight from three muscles (the major wing depressor [pectoralis], a wrist extensor [extensor metacarpi radialis], and a wrist flexor [flexor carpi ulnaris]) is provided in
